Introduction
============

Osteosarcoma is a type of primary bone tumor that affects approximately four out of one million people in some countries, such as Argentina ([@b1-ol-0-0-11367]). With the efforts made in treatment of osteosarcoma, survival rate and time of patients with this disease has been markedly improved ([@b2-ol-0-0-11367]). However, no further significant improvement has been achieved since the 1990s and the overall survival is still poor ([@b3-ol-0-0-11367],[@b4-ol-0-0-11367]). Patients with early stage osteosarcoma usually exhibit satisfactory treatment outcomes, following radical resection. Once distant tumor metastasis occurs surgical resection is not applicable and survival is extremely low ([@b5-ol-0-0-11367]). At present, active treatment after early diagnosis is still the key to treatment of patients with osteosarcoma.

Transforming growth factor β (TGF-β) is a multifunctional cytokine that regulates the activation of different regulatory proteins and downstream substrates that are involved in cell differentiation, proliferation, chemotaxis and activation of immune cells ([@b6-ol-0-0-11367],[@b7-ol-0-0-11367]). TGF-β is generally considered as a double-edged sword in the development of most types of human malignancies ([@b8-ol-0-0-11367]); activation of TGF-β signaling inhibits cancer cell proliferation at the initiation of tumorigenesis but promotes tumor cell migration and invasion by mediating epithelial-mesenchymal transition ([@b9-ol-0-0-11367]). A growing body of literature has revealed that TGF-β signaling achieves signal transduction in cancer biology not only by interacting with regulatory proteins, but also through crosstalk with non-coding RNAs, such as long non-coding RNAs (lncRNAs) ([@b10-ol-0-0-11367],[@b11-ol-0-0-11367]). Long intergenic non-coding RNA for kinase activation (LINK-A) lncRNA is a recently characterized oncogenic lncRNA in triple-negative breast cancer and ovarian carcinoma ([@b12-ol-0-0-11367],[@b13-ol-0-0-11367]). The present study demonstrated that LINK-A lncRNA was upregulated in osteosarcoma and may regulate migration, invasion and stemness of osteosarcoma cells through TGF-β1.

Materials and methods
=====================

### Human tissues and cell lines

Plasma samples were collected from 66 patients with osteosarcoma and 54 healthy volunteers who were admitted by Jining First People\'s Hospital (Shizhong, China) between January 2014 and April 2018. The 66 patients with osteosarcoma included 30 males and 26 females, aged between 16 and 32 years (mean age 23.1±2.1 SD, years). There were 12 cases in stage I, 14 cases in stage II, 16 cases in stage III and 24 cases in stage IV. The following inclusion criteria were used: i) Patients diagnosed by biopsies; ii) patients who were diagnosed for the first time; iii) patients who fully understood the experimental protocol and signed informed consent. The exclusion criteria were: i) Patients who were diagnosed with multiple diseases; ii) patients who were treated within 6 months before sample collection. The 54 healthy volunteers included 29 males and 25 females, aged between 17 and 30 years (mean age, 22.9±2.4 years). The two groups had similar age and sex distributions.

MG-63 and U2OS osteosarcoma cell lines were purchased from the American Type Tissue Collection (ATCC; Manassas, VA, USA). Eagle\'s minimum essential medium (MEM; cat. no. 30-2003; ATCC) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used to cultivate cancer cells under normal conditions (37°C; 5% CO~2~). In cases of TGF-β1 treatment, cells were treated in medium containing exogenous TGF-β1 (Sigma-Aldrich; Merck KGaA) at doses of 10, 20, 30, 40 and 50 ng/ml for 24 h prior to further experiments.

### Cell transfection

Vectors (pcDNA3.1) containing LINK-A lncRNA short hairpin RNA (shRNA 5′-AAAAGCTTCTCTCACCCTTCAAATTGGATCCAATTTGAAGGGTGAGAGAAGC-3′) were designed and synthesized by Shanghai GeneChem Co., Ltd. (Shanghai, China). MISSION shRNA Control Vector was purchased from Sigma-Aldrich (cat. no. SHC001; Merck KGaA). LINK-A (NCBI ID, NR_015407.1) lncRNA overexpression vectors (pcDNA3.1) and empty vectors (pcDNA3.1) were provided by Shanghai Sangong Pharmaceutical Co., Ltd. (Shanghai, China). Lipofectamine^®^ 2000 reagent (cat. no. 11668-019; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to transfect 15 nM vectors into 5×10^5^ MG-63 and U2OS cells. Transfections were performed at 37°C for 6 h. Non-transfected cells were used as control cells. Cells transfected with empty vectors were used as negative transfection control cells. Transfection efficiency was determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Cells were harvested 24 h post-transfection prior to subsequent experiments.

### RT-qPCR

Total RNA extraction from 0.3 ml plasma and *in vitro* cultivated cells (1×10^5^) was performed using Monarch^®^ Total RNA Miniprep kit (New England Biolabs, Inc., Ipswich, MA, USA). Reverse transcription was performed using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Inc.) to synthesize cDNA. PCR reaction systems were prepared using Luna^®^ Universal One-Step RT-qPCR kit (SYBR; New England Biolabs, Inc.). CFX96 Touch™ Real-Time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to perform all qPCR reactions. The qPCR thermocycling conditions were as follows: Initial denaturation at 95°C for 52 sec, followed by 40 cycles of 95°C for 14 sec and 58.5°C for 26 sec. Sequences of primers used were as follows: Human LINK-A, forward 5′-TTCCCCCATTTTTCCTTTTC-3′, reverse 5′-CTCTGGTTGGGTGACTGGTT-3′; β-actin, forward 5′-GACCTCTATGCCAACACAGT-3′, reverse 5′-AGTACTTGCGCTCAGGAGGA3′. This experiment was performed in triplicate, and all quantitation cycle values were normalized to β-actin and relative expression was quantified by the 2^−ΔΔCq^ method ([@b14-ol-0-0-11367]).

### ELISA

TGF-β1 in 0.3 ml plasma was detected using Human TGF-β1 Quantikine ELISA Kit (cat. no. DB100B; R&D Systems, Inc.). All operations were performed following manufacturer\'s protocol. Optical density values were detected at 540 nm.

### Transwell migration and invasion assays

QCM Chemotaxis Cell Migration assay, 24-well (8 µm), colorimetric (cat. no. ECM508; Sigma-Aldrich; Merck KGaA), and QCM ECMatrix Cell Invasion assay, 24-well (8 µm), colorimetric (cat. no. ECM550; Sigma-Aldrich; Merck KGaA), were used. In cases of TGF-β1 treatment, 10 ng/ml TGF-β1 (Sigma-Aldrich; Merck KGaA) was added to the MEM according to manufacturer\'s instructions. Briefly, serum-free cell suspensions (3×10^4^ cells/ml) were made and 0.1 ml of a cell suspension was transferred to the upper chamber of the Transwell plates. Culture medium containing 20% FBS was added into the lower chamber. Cells were cultivated for 24 h at 37°C. Membranes were cleaned using a cotton swab, followed by staining with 0.5% crystal violet (Sigma-Aldrich; Merck KGaA) for 20 min at room temperature. This protocol was used for both invasion and migration assays; prior to the invasion assay the upper chamber was coated with Matrigel (cat. no. 356234; EMD Millipore, Billerica, MA, USA). The experiments were performed in triplicate. Cells were observed and counted under Olympus CX43 light microscope (×40 magnification).

### Flow cytometry

MG-63 and U2OS cells (3×10^5^) were trypsinized, harvested, and incubated with phycoerythrin (PE)-conjugated CD133 (1:1,500; cat. no. 566593; BD Biosciences, San Jose, CA, USA) or immunoglobulin (Ig) G1-PE antibody (1:1,500; cat. no. 130-093-193; Miltenyi Biotec, Bergisch Gladbach, Germany) in buffer (1X PBS + 0.5% BSA, Sigma-Aldrich; Merck KGaA) for 20 min at 4°C. Signals were detected using a FACS Aria flow cytometry system (BD Immunocytometry Systems, San Jose, CA, USA) and processed by Cell Quest software v5.1 (BD Biosciences). This experiment was performed in triplicate.

### Western blotting

Total protein was extracted from *in vitro* cultivated cells (1×10^5^) using the Total Protein Extraction kit provided by Merck KGaA (cat. no. 2140). Protein concentrations were measured using BCA assay (Sangon Biotech Co., Ltd., Shanghai, China). Proteins (30 µg per lane) were separated by 12% SDS-PAGE and gel transferred to PVDF membranes. Blocking was performed using PBS containing 5% skimmed milk for 1 h at room temperature. Primary antibodies against TGF-β1 (cat. no. ab9758; rabbit anti-human; 1:1,200; Abcam, Shanghai, China) and GAPDH (ab9485; rabbit anti-human; 1:1,400; Abcam) were used at 4°C for 18 h. The secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit IgG (cat. no. MBS435036; 1:1,000; MyBioSource, Inc., San Diego, CA, USA). ECL™ western blotting reagents (Sigma-Aldrich; Merck KGaA) were added to develop signals. ImageJ software v.1.46 (National Institutes of Health, Bethesda, MD, USA) was used for densitometry analysis. TGF-β1 expression was normalized to GAPDH. This experiment was performed in triplicate.

### Statistical analysis

Data are presented as the mean ± standard deviation; values were calculated and processed using GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). Pearson correlation coefficient was used for correlation analysis. Student\'s t-test was used for comparisons between two groups. One-way analysis of variance followed by Tukey test was used for comparisons among multiple groups. Diagnostic analysis was performed by receiver operating characteristics (ROC) curve. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### LINK-A lncRNA and TGF-β1 are upregulated in patients with osteosarcoma compared with healthy controls

RT-qPCR results revealed that, compared with healthy controls, plasma levels of LINK-A lncRNA were significantly increased in patients with osteosarcoma ([Fig. 1A](#f1-ol-0-0-11367){ref-type="fig"}). Similarly, ELISA results demonstrated that plasma levels of TGF-β1 were significantly higher in patients with osteosarcoma compared with levels in healthy controls ([Fig. 1B](#f1-ol-0-0-11367){ref-type="fig"}).

### Plasma LINK-A lncRNA and TGF-β1 are positively correlated in patients with osteosarcoma and in healthy controls

Pearson correlation coefficient analysis demonstrated that plasma levels of LINK-A lncRNA and TGF-β1 were positively correlated in both osteosarcoma patients ([Fig. 2A](#f2-ol-0-0-11367){ref-type="fig"}) and in healthy controls ([Fig. 2B](#f2-ol-0-0-11367){ref-type="fig"}).

### Plasma LINK-A lncRNA has diagnostic potentials for early stage osteosarcoma

Among the 66 patients with osteosarcoma, there were 26 cases in stage I and II, which are considered as the early stages of cancer development. ROC curve analysis was performed to evaluate the diagnostic value of plasma LINK-A lncRNA for early stage osteosarcoma. The area under the curve was 0.8877, with standard error of 0.03549 and 95% confidence interval of 0.8182--0.9673 (P\<0.0001; [Fig. 3](#f3-ol-0-0-11367){ref-type="fig"}).

### LINK-A lncRNA positively regulates TGF-β1 in MG-63 and U2OS osteosarcoma cell lines

RT-qPCR analysis was used to confirm that LINK-A lncRNA expression was decreased or increased following shRNA or overexpression vector transfection, respectively, in MG-63 and U2OS osteosarcoma cell lines compared with the control groups ([Fig. 4A](#f4-ol-0-0-11367){ref-type="fig"}). LINK-A lncRNA shRNA mediated the downregulation, whereas LINK-A lncRNA overexpression mediated the upregulation of TGF-β1 expression in the two osteosarcoma cell lines ([Fig. 4B](#f4-ol-0-0-11367){ref-type="fig"}). By contrast, exogenous TGF-β1 treatment at doses of 10, 20, 30, 40 and 50 ng/ml failed to significantly alter the expression of LINK-A lncRNA in these cells ([Fig. 4C](#f4-ol-0-0-11367){ref-type="fig"}).

### LINK-A lncRNA knockdown inhibits migration, invasion and stemness of MG-63 and U2OS cells

Compared with the control groups, LINK-A lncRNA knockdown significantly inhibited, whereas treatment with TGF-β1 at a dose of 10 ng/ml significantly promoted the migration ([Fig. 5A](#f5-ol-0-0-11367){ref-type="fig"}), invasion ([Fig. 5B](#f5-ol-0-0-11367){ref-type="fig"}) and stemness (reflected by percentage of CD133^+^ cells; [Fig. 5C](#f5-ol-0-0-11367){ref-type="fig"}) of cells of MG-63 and U2OS osteosarcoma cell lines. In addition, exogenous TGF-β1 significantly attenuated the effects of LINK-A lncRNA knockdown ([Fig. 5](#f5-ol-0-0-11367){ref-type="fig"}).

Discussion
==========

LINK-A lncRNA is a recently characterized lncRNA with oncogenic functionality in triple-negative breast cancer and ovarian carcinoma ([@b12-ol-0-0-11367],[@b13-ol-0-0-11367]). The key finding of the present study was that LINK-A lncRNA may also be an oncogenic lncRNA in osteosarcoma and may participate in cell migration, invasion and stemness. The actions of LINK-A lncRNA were at least partially mediated by TGF-β1.

It has been reported that the development of osteosarcoma affects the expression of a large set of genes in the human body, including lncRNAs ([@b15-ol-0-0-11367],[@b16-ol-0-0-11367]). In the present study LINK-A lncRNA was significantly upregulated in plasma from patients with osteosarcoma compared with healthy controls. A recent study has demonstrated that LINK-A lncRNA is involved in the regulation of migration and invasion of ovarian carcinoma cells ([@b13-ol-0-0-11367]). The present study revealed that inhibition of LINK-A lncRNA inhibited migration and invasion and reduced stemness of cancer cells in osteosarcoma *in vitro*. Therefore, inhibition of LINK-A lncRNA may serve as a potential therapeutic target for osteosarcoma. It is also worth mentioning that inhibition of LINK-A lncRNA exhibited no significant effects on osteosarcoma cell proliferation (data not shown), which indicated that LINK-A lncRNA is unlikely to be involved in the regulation of proliferation of osteosarcoma, which is consistent with the previous study ([@b13-ol-0-0-11367]).

Early diagnosis is crucial for the survival of patients with osteosarcoma. The present study enrolled 26 patients with osteosarcoma at stages I and II. ROC curve analysis revealed that the upregulation of LINK-A lncRNA distinguished patients with early stage osteosarcoma from healthy controls. Therefore, circulating LINK-A lncRNA may be a potential marker for the early diagnosis of osteosarcoma. However, clinical trials are needed to further test the applicability.

Activation of TGF-β is frequently observed in cancer development ([@b17-ol-0-0-11367],[@b18-ol-0-0-11367]). Inhibition of TGF-β signaling is considered a promising therapeutic target for cancers ([@b19-ol-0-0-11367]). The present study also demonstrated significantly higher plasma levels of TGF-β1 in patients with osteosarcoma compared with healthy controls. It is known that TGF-β signals in cancer by interacting with lncRNAs ([@b10-ol-0-0-11367],[@b11-ol-0-0-11367]). The present study indicated that LINK-A lncRNA may be upstream of TGF-β1 in the regulation of migration, invasion and stemness of osteosarcoma. As the plasma levels of LINK-A lncRNA and TGF-β1 were revealed to be positively correlated in both osteosarcoma and healthy controls, the interaction between LINK-A lncRNA and TGF-β1 is unlikely to be disease-specific. However, whether this interaction is direct or indirect is still unknown. LINK-A lncRNA overexpression and knockdown failed to affect TGF-β1 expression at the mRNA level (data not shown); therefore, LINK-A lncRNA may affect TGF-β1 accumulation or degradation, but not gene transcription.

In conclusion, LINK-A lncRNA and TGF-β1 were both upregulated in osteosarcoma. LINK-A lncRNA may regulate TGF-β1 to participate in the regulation of migration, invasion and stemness of cancer cells in osteosarcoma.
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![LINK-A lncRNA and TGF-β1 are upregulated in patients with osteosarcoma compared with healthy controls. (A and B) Compared with healthy controls, plasma levels of (A) LINK-A lncRNA (B) and TGF-β1 were significantly increased in patients with osteosarcoma. \*P\<0.05. LINK-A, long intergenic non-coding RNA for kinase activation; lncRNA, long non-coding RNA; TGF-β1, transforming growth factor β1.](ol-19-04-2832-g00){#f1-ol-0-0-11367}

![Plasma LINK-A lncRNA and TGF-β1 are positively correlated in both patients with osteosarcoma and healthy controls. (A and B) Plasma levels of LINK-A lncRNA and TGF-β1 were positively correlated in (A) patients with osteosarcoma and (B) healthy controls. LINK-A, long intergenic non-coding RNA for kinase activation; lncRNA, long non-coding RNA; TGF-β1, transforming growth factor β1.](ol-19-04-2832-g01){#f2-ol-0-0-11367}

![Plasma LINK-A lncRNA has diagnostic potentials for early stage osteosarcoma. ROC curve was performed to analyze the diagnostic value of LINK-A for osteosarcoma. Patients with early stage osteosarcoma were true positive cases and the healthy controls were true negative cases. LINK-A, long intergenic non-coding RNA for kinase activation; lncRNA, long non-coding RNA.](ol-19-04-2832-g02){#f3-ol-0-0-11367}

![LINK-A lncRNA knockdown mediates TGF-β1 inhibition in MG-63 and U2OS osteosarcoma cell lines. (A) LINK-A lncRNA knockdown and overexpression were achieved in MG-63 and U2OS osteosarcoma cell lines following transfection. (B) LINK-A lncRNA shRNA mediated the downregulation, whereas LINK-A lncRNA overexpression mediated the upregulation of TGF-β1 in MG-63 and U2OS osteosarcoma cell lines. (C) TGF-β1 treatment at doses of 10, 20, 30, 40 and 50 ng/ml failed to significantly alter the expression of LINK-A lncRNA. \*P\<0.05. C, control; LINK-A, long intergenic non-coding RNA for kinase activation; lncRNA, long non-coding RNA; NC, negative control; TGF-β1, transforming growth factor β1.](ol-19-04-2832-g03){#f4-ol-0-0-11367}

![LINK-A lncRNA knockdown mediates the inhibition of migration, invasion and stemness of MG-63 and U2OS osteosarcoma cell lines through TGF-β1. (A-C) LINK-A lncRNA knockdown significantly inhibited, whereas treatment with TGF-β1 (10 ng/ml) significantly promoted the (A) migration, (B) invasion and (C) stemness of cells of MG-63 and U2OS osteosarcoma cell lines. In addition, exogenous TGF-β1 co-treatment significantly attenuated these effects of LINK-A lncRNA knockdown. For invasion and migration data, C group was set to '100' and all other groups were normalized to C. \*P\<0.05. C, control; LINK-A, long intergenic non-coding RNA for kinase activation; lncRNA, long non-coding RNA; NC, negative control; TGF-β1, transforming growth factor β1.](ol-19-04-2832-g04){#f5-ol-0-0-11367}
